Abstract: Taking the adsorption of CO, NO, O2 and O as probes, we investigated the electronic structure of transition metal atoms (TM, TM = Fe, Co, Ni, Cu and Zn) embedded in graphene by first-principles-based calculations. We showed that these TM atoms can be effectively stabilized on monovacancy defects on graphene by forming plausible interactions with the C atoms associated with dangling bonds. These interactions not only give rise to high energy barriers for the diffusion and aggregation of the embedded TM atoms to withstand the interference of reaction environments, but also shift the energy levels of TM-d states and regulate the reactivity of the embedded TM atoms. The adsorption of CO, NO, O2 and O correlates well with the weight averaged energy level of TM-d states, showing the crucial role of interfacial TM-C interactions on manipulating the reactivity of embedded TM atoms. These findings pave the way for the developments of effective monodispersed atomic TM composites with high stability and desired performance for gas sensing and catalytic applications.
Introduction
In graphene, the newest allotrope of carbon, all the C atoms are sp 2 hybridized and interconnected in a two-dimensional honeycomb lattice through σ bonds, while the remaining C-pz states that are not involved in the hybridization stand vertically to the lattices and conjugate strongly for formation of the delocalized π bonds. This special bonding feature among C atoms makes graphene a semimetal Dirac fermion system with a zero electronic band gap, good chemical stability, excellent electrical and thermal conductivity, as well as the remarkably high mechanical strength [1, 2] . Owing to these unique properties, graphene has been extensively investigated for fabrication of electronic devices [3, 4] , supercapacitors [5, 6] , electrodes and sensors [7, 8] , etc., as well as support material for dispersion of TM nanostructures for gas sensing and catalytic applications [9] [10] [11] [12] .
For TM composites for catalytic and gas sensing applications, high density of reaction sites with outstanding reactivity and stability are required to achieve superior performance [13] . One solution to this is to downsize the TM NPs to sub-nano scale or even single atoms to expose more unsaturated TM atoms that are the real reaction sites as determined by the delocalized nature of TM-d states [13] . The interfacial interaction may also promote the reactivity of the composites [14] . However, due to the delocalized π bonds, pristine graphene can only interact with ultrafine TM nanostructures through σ-π bonding and interaction of this type is normally below than −3 eV, which can hardly influence the electronic structure of TM [15] . Furthermore, the large surface energy is one of the key problems in fabrication of single TM atom or ultrafine TM structures, driven by which atomic diffusion and aggregation through Ostwald ripening may take place and result in formation of large TM structures with lowered performance and utilization of TMs. The energy barriers for TM atoms diffusion are typically lower than 1 eV which makes graphene hard to stabilize the deposited TM nanostructures [14, 16, 17] . In this sense, pristine graphene is not a good support material for fabrication of TM-graphene composites for gas sensing and catalytic applications.
The graphene materials used for chemical applications are generally made by oxidative exfoliation followed by reduction [18] . Driven by the large exothermicity for formation of CO and CO2, the exfoliation always generates various types of localized defects on the as synthesized graphene, whose evolution can be regulated with additional treatment such as electron beam radiation, chemical functionalization, etc. [19, 20] . The existence and evolution of these defects provide a new platform to manipulate the reactivity of the deposited TM nanostructures through defect engineering [21] [22] [23] [24] . The recent investigations on the electronic structure of sub-nanosized TM particles/reduced graphene oxide composites showed that these localized defect structures, such as monovacancies and multivacancies on graphene can not only act as strong trapping sites for TM nanostructures and inhibit their aggregation [25] , but also determine the electronic structure as well as the reactivity of the composites through TM-graphene interfacial interaction [24, 26] . As the size of TM nanostructures goes down, the impact of this interaction would in principle become more significant and this has been examplified by the recent successful invention of single TM atom catalysts for various reactions including CO oxidation [27] [28] [29] . Stabilization of TM atoms and sub-nanosized nanostructures has been realized experimentally [30] [31] [32] , the electronic structure of TM atoms on graphene has been investigated before and predicted to be effective for hydrogen storage [33, 34] , while monodispersed Pt [27] , Au [35] , Cu [36] and Fe [37] atoms stabilized by vacancy defects over graphene have also been proposed to be efficient for CO oxidation. In this sense, it would be of great significance to investigate the electronic structure of these monodispersed TM atoms to generalize the role of interfacial TM-defect interaction in determining the reactivity of the formed composites to rationalize the design of single TM atom and subnanosized TM structures for gas sensing and catalytic applications.
In this work, we investigated the electronic structure of TM atoms (TM = Fe, Co, Ni, Cu and Zn) embedded in graphene and the adsorption of CO, NO, O2 and O on them by first-principles-based calculations. We showed that the plausible interactions between TM atoms and the defects on the graphene significantly enhance the binding of TM atoms and exclude the possibility for embedded TM atoms to aggregate and form large particles. These interactions also shift the energy levels of TM-d states and tune the reactivity of these atomic composites to small molecules. Further investigation shows that the adsorption of CO, NO, O2 and O correlates well the energy level of d states of the corresponding TM atoms. These findings pave the way for the developments of effective monodispersed atomic TM composites with high stability and desired performance for gas sensing and catalytic applications. The rest of the paper is organized as the following: the results are presented and discussed in Section 2, the theoretical methods and computational details are described in Section 3, and our conclusions are presented in Section 4.
Results and Discussion
We began with the atomic deposition of TM atoms on pristine graphene (PG) and the main results are summarized in Table 1 . According to the hexagonal symmetry of the PG lattice, TM atoms can be deposited on the top of a C atom (Atop), on the middle of two adjacent C atoms (Brg) and above the center of the C6 ring (Hol). The calculated Eb for deposition of TM atoms on PG are in the range from 0.02 to 1.51 eV [33] . According to the Eb and deposition configurations, chemical bonds are formed upon atomic deposition of Fe, Co and Ni on PG, while Cu and Zn only bind PG through van der Waals interaction. We reinvestigated these cases using GGA-PBE functional with Grimme scheme for DFT-D correction and found that the contribution of van der Waals interaction is within 0.3 eV and will not alter their relative stability [33] . We also calculated the diffusion barriers of deposited TM atoms and found that the barriers on PG fall in the range of 0.01 to 0.44 eV, which indicates that the deposited TM atoms should be highly mobile even at moderate temperatures [16, 38] . The fast diffusion of TM atoms makes PG less eligible for fabrication of atomic TM/graphene composites for sensing and catalytic applications. The barrier for diffusion of deposited TM atoms; Stabilization of these single TM atoms is one of the outstanding problems in fabrication of single TM atoms for chemical sensing and catalysis, as their ultrahigh surface energy will drive them to aggregate on the surface of the substrate resulting in formation of large TM NPs and low utilization of TMs [14] . One possible solution to this is to enhance the stability of the atomic TM-GN composites by strengthening the interaction at the TM-graphene interface that rises the diffusion barriers and tunes the atomic diffusion endothermic [25] . The graphene materials used for chemical applications are generally made through Hummer's method. The exfoliation always generates various types of localized defects on the as synthesized graphene [19] . The existence and evolution of these defects provides a new platform to manipulate the reactivity of the deposited TM nanostructures. We previously studied the interaction of Ru atom with various defects observed on graphene sample synthesized through wet chemistry method and found that monovacancy (MG) is typical and these defects can effectively stabilize the monondispersed Ru atoms [22] . Inspired by previous findings, we then investigated the electronic structure of TM-MG composites with the structural and energetic information summarized in Figure 1 . Due to the large size of TM atoms as compared with C atom, the TM atoms will stand out of the basal plane of graphene and the embedment will cause strong corrugation within the graphene (Figure 1a,b) . We characterized the stability of these composites with the Eb calculated as the difference between the TM atom in the substitution position and the energy of a reconstructed naked MG plus the energy of an isolated TM atom according to Equation (1) (Figure 1c) . The TM-d states are screening the interaction between C-sp states and the TM states. Starting from Fe to Ni and with the increase of the population in TM-d states, the interaction C-sp states with TM states are weakened and so as the stability of the atomic composites, from −8.83 eV for Fe to −7.58 eV for Ni. As for Cu and Zn that have a closed d-shell, the involvement of TM-d states in TM-C bonding is quite limited due to the poor compatibility between these states and defect states of MG in energy space. The calculated Eb are −4.46 and −2.52 eV for Cu and Zn, respectively and are significantly unstable than those TM with a partially occupied d-shell. Resulting from these, the out-of-plane displacement (h, Figure 1a ,c) is increasing from 1.63 (Fe) to 1.99 Å (Zn). Following this, the nearest TM-C distance (dTM-C, Figure 1a ,c) also changes from 1.79 Å for Co to 1.92 Å for Zn. The small dTM-C and h in these TM-MG composites provide direct evidence for the formation of chemical bonding between the TM states and the dangling bonds localized on C atoms around the vacancy. In Figure 1c , the small dTM-C at Co can be attributed to the highly spin polarized nature of Co-d states due to the limited coordination in Co-MG [39] .
Comparing with TM atomic deposition on PG, the binding energies are significantly enhanced. The Eb for Fe-MG is −8.83 eV and is enhanced by about 9 times as compared with that on PG (−0.92 eV). Even for Cu, the Eb of Cu-MG is −4.46 eV and is enhanced by more than 10 times than that over the PG (−0.23 eV). The significant enhanced Eb on MG makes the diffusion of TM atoms endothermic. After embedment, Zn diffusion from the defect site becomes endothermic by ~2.50 eV, implying that the barrier for Zn atomic diffusion would be at least 2.50 eV. The endothermicity for diffusion of embedded Fe atoms is even enhanced to 7.91 eV. The significant enlarged diffusion barriers suggest that the atomic diffusion of embedded TM atoms cannot take place in conventional condition and thus ensure the chemical stability of these TM-MG composites for sensing and catalytic applications. The density of states (DOS) analysis was performed to understand the interfacial TM-C interactions, as shown in Figure 2a . The DOS of MG is characterized by the sharp spikes around the EF which are associated with the dangling bonds localized on the C atoms around the defect site [22] . After the embedment of TM atoms, the DOS peaks of these dangling bonds and valence states of TMs are significantly downshifted, get broadened and strong resonance among these states is obvious. This is a sign that these TM atoms are using their valence states to interact with the dangling bonds of MG. The degree of hybridization among TM-sp, TM-d and C-sp states shows a strong dependence on the population in TM-d states. This hybridization gives rise to the shoulder on the DOS curves of those TMs with a partially occupied d-shell at −4.0 eV where TM-d, TM-sp and C-sp have contributions. When the d-shell is fully occupied, the TM-d and TM-sp states are no longer compatible as shown by the large difference in energy levels of these states and the narrow distribution of TM-d state, and the interfacial interaction is mainly contributed by the TM-sp and C-sp. These hold for the relatively weak stability of embedded Cu and Zn atoms. We also plotted the differential charge density to visualize the charge transfer (Figure 2b,c) . There are large charge accumulation regions at the TM-C interface while the charge depletion regions are on the TM and C atoms, showing that these TM-C interactions are of partially covalent nature. The shape of those charge depletion regions on both TM and C atoms confirms that the interfacial interaction is the contribution of TM valence states and the dangling bonds and is in line with the DOS analysis.
Due to the joint effect of interfacial interaction and the characteristics of the embedded TM atoms, the energy distribution of TM-d states varies with the TM. There is also a clear trend that with the increase of the population, the main peaks of TM-d states are shifting to lower energy. For all the TMs, the TM-d states are split into two parts due to the TM-MG interaction, one part is around the EF and is partially occupied or unoccupied, while another part is occupied. The split is the smallest for Fe with a partially occupied d-shell and largest for Zn with a filled d-shell. It should be noted that for some cases, such as Cu and Fe, the TM-C interaction also shifts some of the TM-d states to the EF [27, 37] . The energy levels of TM-d states are known vital for the TM-adsorbate bonding and account for the superior reactivity of TM atoms at the edge and corners of TM nanostructures. The different distribution of TM-d states implies that these TM-MG composites would exhibit distinct reactivity to the adsorbates as compared with the bulk TMs.
We then used O2, O, CO and NO as adsorbates to probe the reactivity of these TM-MG composites. These adsorbates are also important reaction species for some widely investigated reactions including CO oxidation, oxygen reduction and conversion of nitrogen oxides [40] . The calculated O-O, C-O and N-O distances in freestanding O2, CO and NO are 1.23 Å, 1.14 Å, and 1.16 Å, respectively. On PG, O2 lying parallel to the graphene surface with the O-O axis parallel to the axis of two opposite C atoms in the same C6 ring is the most plausible. The calculated Ead is less than −0.10 eV and the O-O bond length almost remains the same as the free O2 molecule. The stacking between the π states of O2 and PG accounts for this weak interaction. Due to the dominant role of π-π stacking in stabilization of CO and NO on PG, the most plausible adsorption configuration of CO and NO on PG are similar to that of O2. The calculated adsorption energies are less than 0.10 eV and the nearest distances between CO, NO and PG are all above 3.20 Å [41, 42] . As for the adsorption of O on PG, the O atom lying above the middle of two adjacent C atoms is plausible and the calculated Ead is −2.07 eV [42] [43] [44] .
The most plausible adsorption configurations for O2 and O adsorption on TM-MGs are listed in Table 2 . As the interfacial interaction split the TM-d states, the O2 can use its antibonding π states to interact with either the in-plane TM-d states of t2g symmetry in a distorted octahedral (Octa) or to interact with the TM-d states of t2 symmetry in a tetrahedral (Tetr). This results in formation of two different types of adsorption configurations, as shown in Figure 3 . O2 lies parallel to the substrate plane and two O-TM bonds are formed in-plane with and in the reverse direction of two C-TM bonds in Octa, while two O-TM bonds are formed in the plane vertical the substrate plane with the O2 standing immediately on top of the TM atom in Tetr. Due to the TM-C interactions and different hybridization between the TM-sp and TM-d states originated from the population in TM-d states and the TM-C interfacial interactions, the O2 adsorption is plausible in Octa for Co-MG, Ni-MG, Cu-MG and Zn-MG, and in Tetr for Fe-MG. As for O atom, it prefers to act as a ligand to interact directly with the TM atoms in a tetrahedral coordination environment. The most plausible adsorption configurations of NO and CO are listed in Table 3 with the typical adsorption structures shown in Figure 4a ,b. They prefer to interact with the TM atoms with both their filled σ states associated with the lone pair on C or N for formation of σ-donation and their unfilled π states of antibonding character to accommodate the back-donated TM electrons for formation of the π-back donation (Figure 4c ). These two interactions account for the stabilization of NO and CO on the embedded TMs. However, due to the Jahn-Teller distortion originated from the population in TM-d states, ligands of this type can interact with either axial components with eg symmetry of the TM-d states in a distorted octahedral with CO or NO along the direction reverse to a TM-C bond (Octa', Figure 4b ) or with the TM-d states with t2 symmetry in a distorted tetrahedral with adsorbates in the axial position (Tetr', Figure 4a) . The stability preference for CO and NO in these 2 configurations are also dependent on the population in TM-d states and their hybridization with the TM-sp states and C-sp state of MG which is regulated by the TM-C interfacial interaction. As the Jahn-Teller distortion is significant for TMs with a more than half-occupied TM-d states, the adsorbed CO is stable in Octa' for Co, Ni and Cu. Different from CO, NO has an unpaired electron and the electron pairing upon adsorption will introduce additional stability and distortion to the coordination around the embedded TM atom. NO adsorption over Fe-MG and Ni-MG is plausible in the Octa', while the Tetr' is preferred for other TM-MGs. Table 3 . The structural and energetic parameters for CO and NO adsorption on TM-MG composites. The minimum TM-C distance in the most plausible adsorption configuration of CO; In (a,b) , the C atoms are in brown, the TM atoms are in silver and the O atoms are in red. In (c), the DOS curves were aligned by the calculated EF.
According to Tables 2 and 3 , it is apparent that the Ead of all these adsorbates are dramatically enhanced as compared with their adsorption over PG. Furthermore, there are significant elongation of the O-O, C-O and N-O bonds in the plausible adsorption configurations, proving both the direction of the charge transfer is from the TM-MGs to the adsorbs and the activation of the these adsorbates. The variations of the TM-C distance after adsorption are within 0.05 Å, showing that due to the interfacial TM-C interactions, these TM-MG composites can survive in existence of these adsorbates.
We also noticed that for these adsorbates, there is a correlation between the Ead of the adsorbates and the electronic structure of embedded TM. Adsorption of gaseous molecules and associated charge transfer are vital for various chemical processes including chemical sensing and catalysis. If we consider the adsorption of a gaseous molecule as a simple chemical reaction, according to the Frontier Molecular Orbital (FMO) theory proposed by Fuki et al., the Ead and the amount of charge transfered onto the TM composite would be determined by the energetic and spacial compatibility among the orbitals of the gas molecule and the TM-MG composite [45] . To simplify the discussion, we adapted the "d-band model" of proposed by Norskov and Hammer. In this model, the interaction of the adsorbate with the TM assembly is described as the joint effect of both the hybridization of adsorbate states with the TM-s states and the interaction with the TM-d states for production of states of either bonding or antibonding character. This theory has been successfully applied in extended TM systems ranging from bulk truncated surface of various TMs and TM alloys to even small TM clusters for reaction mechanism studies and catalyst design [46] . We aligned the energy levels of TM-d states of these TM-MG composites by the vacuum level and calculated the weight-averaged d-state centers (εd). The adsorption energies of O2, O, CO and NO are plotted vs. the calculated εd in Figure 5 , demonstrating a clear linear relationship. In this sense, the variation of Ead of these adsorbates over TM-MG composites can be directly correlated with the εd determined by both the TM-C interfacial interactions and the population in the TM-d states. 
Theoretical Methods
The first-principles based spin-polarized calculations were done using GGA-PBE functional and DSPP pseudopotentials with DND basis sets as implemented in the DMol 3 package [39, [47] [48] [49] [50] . A hexagonal 9 × 9 supercell of pristine graphene was used to mimic the graphene and the TM-graphene composites. TM atoms were introduced by substituting C atoms. The minimum distance between the graphene sheet and its mirror images is set to be larger than 20 Å to avoid the interactions among the periodic images. We used empirical potential to preoptimize the substrate and the embedded composites and then had them fully relaxed using DMol 3 until the residue forces were below 1 × 10 −2 eV/Å [51, 52] . A Γ centered 4 × 4 × 1 k-point grid was used for the Brillouin zone sampling during geometric optimization and a 20 × 20 × 1 k-point grid was used for electronic structure analysis [53] . All calculations were performed with a convergence criterion of 2 × 10 −4 eV on the total energy and a real-space global orbital cutoff of 4.5 Å. The reaction barriers were calculated with the synchronous method with conjugated gradient refinements [54] . With the above setup, the minimum C-C distance in pristine graphene is 1.42 Å [1, 55] .
The binding energy (Eb) of TM atom onto grapheme (GN) is calculated as the energy difference between the TM atomically deposited graphene (TMGN) and the separated graphene plus the freestanding TM atom, following Equation (1):
For the study concerning adsorption of CO, NO, O2, O, etc., the adsorption energy (Ead) is calculated as the energy difference between the species absorbed TM deposited graphene and the gaseous species plus the bare TMGN, following Equation (2): E ad = E adsorbate + TMGN − E adsorbate + E TMGN (2)
Conclusions
We addressed the electronic structure of transition metal (TM, TM = Fe, Co, Ni, Cu and Zn)-atoms embedded in graphene and the adsorption of CO, NO, O2 and O on them by first-principles-based calculations. Due to the plausible interaction between TM atoms and the defects on the graphene, the binding of TM atoms onto MG are significantly enhanced, which not only ensure the high stability of the embedding, but also dramatically rise the barrier for embedded TM atoms to diffuse and aggregate. This interaction also shifts the energy levels of TM-d states and regulates the reactivity of these TM-MG composites to small molecules. Further investigation shows that the adsorption of CO, NO, O2 and O correlates well the weight averaged energy level of TM-d states of the corresponding TM-MG. As the interfacial C-TM interactions play an important role in regulating the reactivity of the embedded TM atoms, any effect that involves the interactions with the TM atoms, such as doping or co-doping with N, B, P, S and other heteroelements, controlled fabrication of defects on the graphenic support, introduction of co-adsorbents, etc., may help to optimize the reactivity of these embedded TM atoms to the adsorption of gaseous molecules. These findings pave the way for the development of monodispersed TM atomic composites for gas sensing and catalytic applications.
